Objective-The aim of this RCT was to evaluate sucking organization in premature infants following a preterm infant multi-sensory intervention, the Auditory, Tactile, Visual, and Vestibular (ATVV).
INTRODUCTION

Review of the Literature
Premature infants are at risk for difficulties in feeding, social interaction and growth. Many premature infants exhibit a lower capacity for self-regulation, resulting in less behavioral alertness and hypersensitivity to stimulation. 1 Feeding is critically important because it is a primary factor in infant growth and a major concern for both parents and clinicians. 2 Failure to coordinate breathing, sucking and swallowing predisposes the premature infant to apneic events, bradycardia, oxygen desaturation and fatigue during feeding. 3 Inefficient oral feeding requires a large amount of energy expenditure by the premature infant and delays hospital progression. 4 One of the challenges premature infants experience during the transiton to oral feeding is achieving and sustaining an alert behavioral state, such alertness being an indicator of appropriate behavioral organization. 5 Slight arousal prior to feeding helps infants achieve an active awake state, conducive to oral feeding. 6 Several oral and tactile sensory motor interventions have been suggested to support and enhance oral feeding, yet few if any have addressed how behavioral organization improves sucking behaviors. 7 The Auditory, Tactile, Visual and Vestibular (ATVV) intervention is known to facilitate behavioral organization, specifically helping infants achieve alert states prior to feeding. 2, 7 Recently we reported an increase in the frequency of alert behavioral states and orally directed behaviors (e.g., hand to mouth, sucking on hand) prior to feeding in response to a multi-sensory intervention. 8, 9 Our previous work with the ATTV has demonstrated an increase in alert behavioral states as well as oral feeding efficacy, which we defined as the amount of oral intake per minute. What is unknown is how the ATVV influences sucking behavior during the first weeks of oral feeding.
Measurements and definitions of maturational progression of sucking behaviors in preterm infants offered in the current literature have been quite diverse. Measurements have often included pressure transducer obtained sucking records and clinical observation tools. 10 Length-of-feeding assessments varied, with a 5-minute assessment being the most frequently used. 11, 12 Most investigators have used number of sucks (NOS) and number of sucks per burst (SPB) as a baseline estimate of feeding skills. Additional parameters may include quantity of milk ingested, average milk ingested per suction, proportion of time pausing and/or sucking pressures. 9, [12] [13] [14] 15 Organized feeding behaviors during the early weeks of life have been linked to appropriate developmental outcome measures at 12 months of age. 16, 17 In most neonatal intensive care units (NICUs), general observations are made regarding feeding competence using indicators such as the rooting response or the infant's ability to initiate sucking. 18 However, these observations do not address the quality of the infant's ability to feed. In this study, we used a comprehensive characterization of sucking skills including features of the microstructure of nutritive sucking behaviors: NOS, SPB, sucking pressure (MAMP, maximal adjusted mean pressure) and sucking maturity index (SMI, a combination of the three sucking parameters). 19 These measures of nutritive sucking microstructure behaviors have been shown to improve with post-menstrual age (PMA). 20 Thus, this research investigated whether the ATVV intervention enhanced maturation of nutritive sucking as defined as greater NOS, SPB, MAMP, and SMI in premature infants. In this study we hypothesized that: 1) acquisition of efficient sucking behaviors could serve as an indicator of improved behavioral organization and 2) the ATTV intervention would facilitate maturation of sucking behaviors.
MATERIALS/SUBJECTS AND METHODS
Study Setting
The research was conducted in two inner-city Midwestern community hospitals' NICUs (level II [with extended capabilities] and level III NICU). The research was approved by the Institutional Review Boards from the University of Illinois, Chicago, and both clinical sites.
Study Design
The study employed a balanced two-group randomized trial design. [21] [22] [23] After baseline data collection, 230 premature infants born at 29-34-weeks gestational age (GA) were randomly assigned to the ATVV intervention or a control group. Infant nutritive sucking indices were obtained at baseline and weekly during hospital stay.
Sample Selection
Infant eligibility criteria included birth between 29 and 34 weeks GA, no other major health problems, and clinically stable at enrollment. Eligible infants may have received prior ventilator support or other medical therapies. Infants were excluded if they were diagnosed with congenital anomalies, necrotizing enterocolitis, brain injury, chronic lung disease, HIV, or prenatal drug exposure. Infants were also excluded if their mothers were not their legal guardians.
Recruitment occurred at each site in the following manner. The in-hospital research nurse identified potential subjects and approached prospective mothers. After explaining the study and confirming the infants' eligibility and the mothers' willingness to participate, the nurses obtained informed consent. Then the infants were randomly assigned to the ATVV or control groups using computer generated lists of random numbers.
Randomization was centrally controlled. Two lists of random numbers were generated, one for each site, and balanced so that half the infants at each site were in the experimental group. The order of random assignment was then transferred from this list into sequential envelopes. To facilitate the mother's engagement with the study protocol, after the mother consented to her infant's participation, she selected the next envelope and the recruitment nurse entered the group assignment, date, and random generation number. This allowed us to confirm that assignment occured in the computer-generated random order.
Sample Description
Two hundred-thirty mother-infant dyads with at least 2 social-environmental risk factors were enrolled in the study. Twenty-six were deemed ineligible due to infant health conditions identified after enrollment. Seven infants who developed health conditions known to interfere with feeding (e.g., pulmonary hypertension, brohchopulmonry dysplasia) or transferred to other institution were excluded ( Figure 1 ). Three infants were excluded due to an equipment malfunction or protocol deviation. Four infants were discharged prior to data collection. In addition, three mothers withdrew after consent but before data collection. Ethnic diversity was limited (Latina = 50.5%; African-American = 45.5%), thus, data for three mothers self-identified as being Asian or white were not included in the analysis.
Therefore, 183 infants (n = 93 control, n = 90 ATVV) had baseline oral feeding assessments and were included in the analytic sample for this study. At day 7, 88 (ATVV = 40) infants remained hospitalized and only 47 (ATVV = 20) infants were hospitalized at day 14.
The ATVV Intervention
The ATVV provided 10 minutes of auditory (female voice), tactile (moderate touch stroking or massage) and visual (eye to eye) stimulation, followed by 5 minutes of vestibular stimulation (horizontal rocking). 6, 24 The stimuli were presented in gradual progression: auditory only; auditory and tactile; visual, added as the infant became alert. This increased the frequency of alert states in premature infants 33-36 weeks PMA 7, 6, 25, 26 and the frequency of orally directed behaviors. 5, 27 The ATVV was administered after the baseline feeding assessment at 32 weeks PMA and twice daily for five days per week for 20 minutes prior to a morning and early afternoon feeding by the mother or research nurse. Mothers and research team members were trained in ATVV intervention and reliability (>90% agreement with the ATVV checklist) was established and maintained. 26 To standardize the testing session, the ATVV was administered during each testing session by the research nurse.
The Control Condition
The control education was designed to provide a similar contact and staff attention but distinctly different content from the intervention. Infants received the current standard feeding and nursery care while their mothers received educational content incorporating premature infant care (e.g., bathing, sleep positions and habits, holding the baby, safety of infant equipment and car safety).
MEASURES
Microstructure of Nutritive Sucking Behaviors
Infant sucking was digitally recorded using the Medoff-Cooper Nutritive Sucking Apparatus (M-CNSA) supported by the AcqKnowledge 3.9.0 software (BIOPAC, Goleta, CA). The M-CNSA continuously measured negative pressure generated by the infant during nutritive sucking. The fluid flow rate was determined by the infant's sucking pressure using a Bionix nipple (Bionex Medical Technology, Toledo, Ohio). Thirty minutes prior to the scheduled feeding, the infant was brought into a dimly lit nursery with an open warming bed. Microstructure of sucking was measured at baseline and weekly thereafter until discharge for a ten minute time period. To standardize the feeding, a member of the research team conducted the feeding for the test sessions. The digital nutritive record was analyzed by Matlab 2007a (Natick, MA: The MathWorks) and a custom Matlab subroutine, Suck_Detect 1.1.12 software 28 for the five minutes that were most representative of the ten minute feeding, according to procedures detailed elsewhere 29 . During this process, portions of the record during which the nipple was removed from the infant's mouth were deleted. 29 Sucking parameters included NOS, NOS per burst and MAMP. The SMI was derived by calculating and averaging the Z-scores for total NOS, MSPB and MAMP across time points.
Covariates
Covariates considered in the analysis included the following infant characteristics abstracted from medical records: gender, plurality (singleton or multiple birth), delivery type, hospital site, birth GA, birth weight, small for GA, five minute Apgar score, infant morbidity (measured using a subset of the Problem-Oriented Perinatal Risk Assessment System [POPRAS] score 30 to assess risk at baseline), chronological age, PMA at baseline assessment and number of days feeding experience prior to baseline assessment. Oral feeding was defined as consuming ≥ 10% of that day's nutrition orally. Maternal race/ ethnicity was obtained by self-report.
Procedure
Sucking microstructure data were collected at baseline when the infant was to begin oral feeding prior to intervention and every seven days until hospital discharge. The baseline feeding assessment was conducted at the first oral feeding when possible, or within five days of initiation of oral feeding, then weekly until hospital discharge. The ten-minute feeding assessments were conducted during an early morning regularly scheduled feeding, using the MCNSA. 31 For the intervention group, feeding assessments occurred immediately following the administration of the ATVV by a trained nurse.
Statistical Analysis
Descriptive statistics were calculated overall and by group (ATVV vs. Control) using chisquare tests and t-tests to examine group equivalence at baseline. Pearson's correlation coefficients and t-tests were used to examine the association between categorical and continuous infant characteristics, respectively, and the four oral feeding measures at baseline. Two-sided tests were used for hypothesis testing, controlling for a type I error probability of α = 0.05, with results having a p-value between 0.05 and 0.10 noted as a marginal result. Due to a significant drop in sample size (n = 15) after day 20, we focused our inferences of the sucking outcomes on days 0, 7 and 14 after intervention. Mixed-effects regression models were employed, with repeated outcome measures clustered within individuals to examine the effect of intervention on the outcomes over time. Random individual effects (e.g., random intercept and time trends and correlated error structures) were estimated to provide good fit and to account for correlations between the repeated measurements from the same infant. Best-fit random effects and covariance structure of the errors were conducted using the likelihood ratio tests for nested models, or fit statistics (e.g., Akaike information criterion [AIC] and Bayesian Information criterion [BIC]) for nonnested models. Residual analysis was performed for model diagnostic purposes and no severe departure from model assumptions, including normality, was detected.
The mean shape of the outcome trajectories over time was examined using polynomial time effects and adjusted for covariates. Interactions between group and time trend terms were examined to identify the shape of the intervention effect over time. Backward selection was used for selection of covariates that were significantly associated with the outcome variable in each model. Model parameters were used to estimate and test differences in the mean of each outcome by group at each timepoint (0 -baseline and 7 and 14 days post-baseline), using t-test generated from the model results.
RESULTS
The final analytic sample included 183 infants (female = 50.5 %). The average birth age was 32.58 weeks GA (SD = 1.48 weeks) with a mean birth weight of 1815.54g (SD = 350.15 g), a mean chronological age of 9.29 days (SD = 6.48 days) and a mean PMA 33.89 (SD = 1.00) at baseline. The mean number of days of oral feeding prior to baseline feeding assessment was 4.16 days (SD = 3.49 days). Mean baseline scores for sucking outcomes were 85.87 (SD = 74.48) for NOS, 28.05 mm Hg (SD = 17.49) for MAMP, 7.03 (SD = 8.57) for MSPB and -0.29 (SD = 0.82) for the SMI. Baseline characteristics and baseline sucking parameters were not significantly different between groups (Table 1a and b).
NOS over time had an increasing quadratic mean pattern as indicated by the significant time group*day*day interaction ( Table 2 , top panel) and the gradually increasing, then leveling off trend (Figure 1, panel 1) . Although the time trend terms for the control group (day and day*day terms) were not significant, the intervention group increased significantly faster (β = 13.69 for group*day, p < 0.01) and leveled over time (β = -0.84 for group*day*day, p < 0.05). When the means at each timepoint were estimated from the model, a between-group difference in the quadratic pattern resulted in a significant group effect at day 7 (estimated difference = 45.66, p < 0.01) but not at day 14 ( Table 2 , bottom panel). These patterns of change over time in NOS by group are depicted pictorially in Figure 2 , panel 1.
There was a significant increasing trend over time in MAMP for the control group (β = 1.08 for day, p < 0.01) and the ATVV group increased marginally faster than the control group over time (β = 0.57 for group*day, p = 0.096). When the means at each timepoint were estimated from the model, there was a marginally significant between-group difference in MAMP at day 7 and a significant difference at day 14 (about 9.0 mmHg, p < 0.05, Table 2 , bottom panel; Figure 2 , panel 2). Similar to the pattern of the NOS, the intervention group had a significantly higher increasing rate for mean MSPB (β = 1.16 for group*day, p < 0.01) which leveled off over time (β = -0.06 for group*day*day, p < 0.05) becoming nonsignificant by day 14 (Table 2, bottom panel; Figure 2, panel 3) . The trend for the control group, as represented by the coefficients for day and day*day was not statistically significant. At day 7, the ATVV group had significantly higher mean MSPB, a profound increase considering a marginally lower mean at baseline (Table 2, Figure 2, panel 3 ).
Over time, the mean SMI had a similar pattern as NOS and meanMSPB. The intervention group increased significantly faster by day 7 (a difference of 0.43, p < 0.01) and leveled off with a marginally significant SMI (a difference of 0.33, p = 0.099) at day 14 ( Table 2 , bottom panel; Figure 2, panel 4) .
DISCUSSION
The current study tested a multi-sensory intervention which addressed biologic immaturity and social-environmental risk to enhance feeding behaviors in premature infants from initiation of oral feeding until discharge. Understanding the microstructure of sucking or feeding behaviors informed our understanding of the maturational progression of oral feeding in this sample of preterm infants.
It is well documented that sucking patterns in preterm infants mature over time. Amaizu 32 reported maturation of oral feeding skills such as lip seal, rate of milk intake, feeding efficiency (ml/min), percent of milk leakage, suck/expression ratio, suction musculature and sucking stage (presence and rhythmicity of suction and or expression) from the 1-2 to 6-8 days of oral feeding. In this study, sucking microstructure matured for both the control and ATVV groups. Lau 14 reported that as feeding performance improved, sucking and swallowing frequency, bolus size and suction amplitude increased. Gewolb 33 found that sucking and suck-swallow rhythms stabilize by 36 weeks PMA, and coordination of swallow-respiration and suck-swallow rhythms may be predictive of feeding, respirations, and neurodevelopmental progress/delays. A variety of studies by Medoff-Cooper and colleagues 11, 20, 34 have shown significant maturational progress in preterm infants' feeding behaviors from early oral feeding initiation until term. What we asked in this study was whether we could enhance or augment this maturational process by providing an intervention which has been shown to improve behavioral state and feeding organization in healthy premature infants. 35 To assure there were no differences in baseline between the two groups of infants, we evaluated both infant characteristics and feeding measurements at baseline. At baseline, numbers of days of oral feeding prior to baseline was found to be the only predictor of the NOS an infant produced during the 5-minute assessment. The NOS, a reliable measurement of feeding organization, appears to be influenced by experience and helps to account for this finding. 34 Most notable was the significant increase in the NOS at day 7 for the infants in the intervention group when compared to control. However, this difference was no longer seen at day 14, causing us to speculate that experience, maturation and other unidentified overarching factors influenced the NOS a premature infant was able to produce.
A similar trend was seen for the mean MSPB. As expected, NOS and mean MSPB were associated. However, the NOS do not always provide adequate information about sucking organization; rather, it is the length of the sucking burst as determined by the number of sucks within a sucking burst. We have shown in previous work that with increasing maturation, sucking bursts become longer, and sucking pauses or time between generation of sucking bursts become shorter. 36 Unfortunately, we were not able to assess time between bursts due to the variability in the length of time an infant maintained sucking activity. However, the findings suggest that infants in the intervention group demonstrated a more mature sucking pattern at day 7 as compared to control.
The SMI follows the same trend of earlier achievement of skills at day 7 for infants in the intervention group. While we do not know if this earlier achievement can be used as a marker for long term developmental outcome, there is evidence from previous work that lower SMI at 40 weeks was predictive of lower 12-month developmental scores. 11 Further work may qualify the interpretation of the current findings. It is also possible that the prognostic potential of a neonatal sucking assessment is underestimated. It should be emphasized that each feeding assessment was based on a standardized, single 5-minute sucking test. Nevertheless, the inherent variability of infant sucking performance, arousal level, day-to-day response and feeding-to-feeding response is well known. Such withinsubject variability could have weakened the sensitivity of the method for detecting real differences between infant groups. A better estimate of an infant's maturational status may be derived from 2 or more tests, delivered the same day, and/or over consecutive days. Separately, it is important to determine whether test sensitivity varies as a function of time of day.
Limitations
We acknowledge the small sample size and the inclusion of relatively healthy preterm infants limits our ability to generalize the findings of this study. By day 14 the most healthy and older infants were discharged to home, with only the infants with either medical or feeding issues left in the nursery. We did not collect sucking data on a daily basis, which limited our ability to understand the variability of sucking behaviors day by day. An important strength of this study is that we were able to explore the relationship between an intervention which is noted to improve feeding efficiency and the microstructure of sucking behaviors.
In conclusion, it appears that the ATVV intervention contributed to earlier achievement of sucking organizational skills at day seven. Exploration of the strength of the relationship between earlier maturation of feeding skills and better developmental outcomes would greatly add to our understanding of preterm infant development. Further work is needed to verify and extend the present findings and to develop protocols with greater sensitivity for the detection of stable and reliable individual differences in neonatal sucking organization in a broader population of preterm infants.
SUMMARY TABLE
• What we know: The ATVV intervention enhances maturation of sucking patterns in preterm infants
• What needs to be studied: The appropriate daily frequency of the intervention to ensure maximum sucking maturation
• What can we do today to guide caregivers: The ATVV intervention is suited for caregivers to use in the clinical setting as part of the preterm infant feeding protocol during the initiation of oral feeding
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